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SUMMARY

At Materials Research Laboratories (MRL) Melbourne, a compact
specimen design has been developed which is suitable for both plane-
strain fracture toughness and JC testing. Compliance and stress
intensity factor calibrations are given for the new design of ---

specimen using finite element analyses and the results are compared
with those for the ASTM compact -specimen.
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NOTATION

a Length of crack measured from load line

B Thickness of specimen

C Normalised compliance

E Young's modulus

JIC Critical value of J integral

K Stress intensity factor

KIC Plane strain fracture toughness

K Normalised stress intensity factor

P Load applied to specimen at pin hole

r Distance from crack tip

R Radius of pin hole

u Displacement in y direction of node on crack face at distance r
behind crack tip

v Poisson's ratio

W Width of specimen measured from load line

x,y Cartesian co-ordinate axes system U

Il.'k .U

. ,,
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1. INTO DUCTIOI " - -

The fracture mechanics parameters Kqp L(the plane strain fracture

4. toughness) and J4 (the critical value of the J integral) characterise the

resistance of a material to cracking for plastic and elastic-plastic

conditions at the crack tip respectiyely. Standard specimen

configurations are available for Kic and J testing, and these are given

in ASTM standards E-399 and E-813 respectively [1,2]. At Materials

Research Laboratories j (MRL) Melbourne) a compact specimen design has been -

developed which has been found to be suitable for both Kx and Jx

testing. For determining K.-, a stress intensity factor (K) calibration

is required for the specimen, and for determining JIC using the single -A,

specimen technique, a compliance calibration is needed. This memorandum

describes these calibrations, which were obtained using finite element

analyses, and gives equations which have been fitted to the results for

convenience. , -7-:.-"

2. ANALYTICAL DETAILS

2.1 Specimens and Analysis "

The ASTM standard specimen configurations used for KIC testing are

shown in Figs. 1 and 2. Two variants of the MRL compact specimen design

were investigated and are shown in Figs. 3 and 4. The two specimens are

identical except that one has a longer notch than the other. The short-

notch specimen is designated as specimen A, and the long-notch specimen is

" designated as specimen B (the MRL designations are J03 and J43k

respectively). Finite element methods were used to determine specimen

deformations for two-dimensional conditions. The analyses were carried

out for plane stress although plane strain specimen compliances can

readily be determined from the plane stress values.

2.2 Crack Tip Modelling

Accurate calculations of normalised compliance (C) and normalised

stress intensity factor (K) require detailed modelling of crack tip

behaviour. A number of finite element methods can be used to model two-
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(2)
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dimensional crack-tip behaviour and several of the better ones are

reviewed in [3] and [4]. In the present analyses small rectangular iso

parametric elements at the crack tip were used with their mid-side nodes

shifted to the quarter points [5]. These elements give the required r

displacement singularity, they are accurate, and are easy to implement.

2.3 Pin Loading

Both specimen geometies were analysed for both point and distributed

pin loading. For point loading the load, P, was applied to one node at

the top of the hole, and for distributed loading the load was spread

evenly across nodes at the top of the hole over a distance equal to the

hole radius, R.

2.4 Normalised Compliance '1

Values of normalised compliance were determined using the equation,

given in [2], namely

2EBV()
P-p( .....- -

-..* .- -

where V is the displacement of the sharp corner on the specimens in

the loading direction (see point marked x in Figs. 3 and 4.)

2.5 Normalised Stress Intensity Factor

To determine stress intensity factors for the various specimen

geometries the equation given in [6] was used, namely

2E2K uE (2)
4(1-v

*> -° ,-

,.* \*,.
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I (3)

where u is the y displacement of a near-tip node on the crack face

behind the crack tip and r is the distance of that node from the crack

tip. Since equation (2) is valid only very close to the crack tip, a

corner node (eg node 'Z') of the crack tip element was used in the -.

analyses as indicates schematically in Fig. 5.

Normalised stress intensity factors, K , were then obtained using

the equation

K (3)

where w is the specimen width measured from the load line. This

equation is used since, for a compact specimen at a given crack length
a P

ratio, - , K is proportional to - [7]..
Bv/w

.NUMERICAL ANALYSES

Finite element analyses were made with the PAPEC suite of programs on

the ARL VAX 11/780 computer. The stiffness matrices were computed using 2

x 2 reduced integration and all solution steps were performed using double

precision.

3.1 Specimen A

The elastic properties of the material were taken as E = 210 GPa and

v = 0.3. The specimen thickness was B = 25.5mm and a tensile load of P

= 4000N was applied at the pin hole.

aAnalyses were conducted for values of crack ratio between 0.36

and 0.76, for both point and distributed loading. A typical finite

element mesh with point loading is shown in Fig. 6(a)
a

(for - 0.52) and the same mesh with distributed loading Is shown in

Fig. 6(b). The mesh consists of 154 eight-noded isoparametric

quadrilateral elements and 9 slx-noded isoparametric triangular

elements. As discussed in Section 2.1 the crack tip elements have their



(4)
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mid-side nodes shifted to quarter point positions, and these elements were

typically -L th the length of the crack.

3.2 Specime,, B
2The elastic properties of the material were taken as E = 73 GPa and

v 0.3. The specimen thickness was B = 6mm and a tensile load of P =

6320N was applied at the pin hole.

Analyses were conducted for values of crack ratio - between 0-46
a

and 0.7, for both point and distributed loading.

A typical finite element mesh with point loading is shown in Fig.

7(a) (for a = 0.52), and the same mesh with distributed loading is
shown in Fig. 7(b). For this specimen the mesh consisted of 212 eight-

noded isoparametric quadrilateral elements and 11 six-noded isoparametric

triangular elements.

Again the crack tip elements had their mid-side nodes shifted to

quarter point positions, and for this specimen these elements were

typically 1~ th the length of the crack. (The mesh for this specimen

was more highly refined than strictly necessary because it was being used_ .

for other work involving plasticity analysis).

4. RESULTS

Values of normalised compliance (C) calculated using equation (1)

for specimens A and B are given in Tables 1 and 2. For any value of

considered the difference in C values between specimens or loading
w

is very small and may be neglected when used for test purposes, for
a

example, as can be seen by comparing values at - 0.56 or 0.60. A

least-squares best fit polynomial equation was determined for the poolled

data over the range 0.46 < a< 0.7, with the following result,

a a) a 3  a + a"C - b + b b) + b + b, (-) + b (-)+ b (-) (1)

0 w W W w 5.w

.'...-U

- "



where bo  = -3630.76

b = 33917.16

b -125878.0

b3  = 23346.15

b 3 -216373.5

b5  = 80742.64
-@ .1 ..

Equation (4) is within ± 0.35% of the finite element results for any

point within the range noted above.

It should be noted that values of normalised compliance for plane

strain conditions can be determined readily from the present results using

the equation given in [7]:

C1  st C( - v2) (5)train

Values of normalised stress intensity factor (K) calculated using

equation (3) for specimens A and B are given in Tables 3 and 4.
a%

For any value of - considered the difference in K values betweenw

specimens or loading is also very small and may be neglected when used for
a

test purposes as, for example, can be seen by comparing values at

0.56 or 0.60. Again, a least-squares best-fit-polynomial equation was .-.. ' . - "

- a
fitted to the poolled results over the range 0.46 < - < 0.7. Thew
derived equation is

r a(2 + --- a-2 3-(2 wb b(-) + b2 ca 2 ()3 (6)

1-a )3/2 L0 1 w 2 w 3 ,w

where bo  - 0.21291

b1  = 6.682871

b2  - -12.29665

b = 7.320672

- i.:Ti~3



(6)

Equation (6) is within 0.35% of the finite element results.
• , .. 'b." %.

Averaged values of C and K (determined from finite element analyses)

for specimens A and B are compared in Tables 5 and 6 with those for the
a r

ASTM compact specimen for selected values of ---. The C values for the

ASTM specimen were obtained from [2], and the K values were evaluated

using equation (7.4) given in [71 in conjuction with equation (3) of this

memorandum. It can be seen that the MRL specimens have slightly higher

values for both C and K than the ASTM specimens.

Since the values of C and K determined for both the ASTM and MRL

specimens and given in Tables 5 and 6, would be accurate to better than

0.5% the differences in C and K shown in both Tables 5 and 6 respectively

can be attributed to specimen configuration and not to calibration

procedure.

5. CONCLUSION

Normalised compliance (C) and normalised stress intensity factor

(K) calibrations for MRL compact specimens A and B have been carried out

using finite element analyses.

Polynomial expressions have been fitted to the C and K calibration

results over the range 0.46 < a < 0.7.

The two specimens have essentially the same values for the parameters

and K over the range of crack lengths considerea even though they have

different notch lengths. The MRL specimens however, have higher values

for both C and K than the ASTM compact specimens due to differences in "'.

geometry.
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TABLE 1

Normalised Compliance Values for MRL
Specimen A for Plane Stress Condition3

aiw Normalised compliance

Point pin loading Distributed pin loading

0.36 22.76 22.91

0.140 26.62 26.77 .

0.144 31-39 31.54

0.48 37-34 37.148

0.52 44.714 44.88

0.56 514.143 5'4.56

0.60 67.30 67.143 -

0.614 85.00 85.12

0.68 109.9 110.0

0.72 1147.5 147.6

0.76 207.3 207.3

TABLE 2

Normalised Compliance Value for MRL
Specimen B for Plane Stress Conditions

a/w Normalised compliance

Point pin loading Distributed pin loading

0.146 314.149 314.63

0.148529* 38.146 318.60

0.50882* 42.35 12.92

0.56 514.68 514.86 V'
0.60 67.59 67.72 S
0.66 96.71 96.82

0.70 127.143 127.51

* used for additional plasticity analysis
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TABLE 3 "

Normalised Stress Intensity Factor Value.
for Specimen A .

Normalised stress intensity factor K
a/w WI

Point pin loading Distributed pin loading

0.36 1.445 1.445

0.40 1.655 1.654

0.44 1.868 1.868

0.48 2.115 2.114

0.52 2.353 2.352

0.56 2.720 2.718

0.60 3.188 3.188

0.64 3.807 3.804

0.68 4.520 4.518

0.72 5.677 5.674

0.76 7.383 7.381 .-. '

TABLE '4

Normalised Stress Intensity Factor Values for MRL
Specimen B

Normalised stress intensity factor K
a/w """""

Point pin loading Distributed pin loading

0.46 1.955 1.954

0.48529 2.128 2.127

0.50882 2.293 2.292

0.56 2.741 2.740

0.60 3.195 3.194

0.66 4.160 4.158

0.70 5.106 5.106



TABLE 5

Comparison of Normalised Compliance Values for
MRL Compact Specimens and ASTM Compact Specimen ._N.

a/w Normalised Compliance C Percentage 2
difference

MRL compact ASTM compact

specimens * specimen

0.50882 42.35 39.70 6.7

0.56 54.68 50.71 7.8

0.60 67.59 63.50 6.4

0.66 96.71 92.17 4.9

0.70 127.43 122.54 4.0

Finite element results for specimens A and B averaged. .

TABLE 6 "

Comparison of Normalised Stress Intensity Factor Values for

MRL Compact Specimens and ASTM Compact Specimen

a/w Normalised stress intensity Percentage

factor K difference

MRL compact ASTM compact
specimens * specimen

0.50882 2.293 2.242 2.3

0.56 2.741 2.657 3.2

0.60 3.195 3.084 3.6

0.66 4.160 3.986 4..4

0.70 5.106 4.867 4.9

Finite element results for specimens A and B averaged.

,...

'. , *
i II mm iii i , ,i ?.



."Si

_ _ _ _ _ _ IE-1

II

Lni
U)

I,-,.I

..,,...

*-o - %

r.)
.- 

- 7

""U Z H .,' '

: r..? . :T3

-'1--..



-

4
'B

.4
4.
4.
4

9. .. 9.." .4"

9. I- __________________________________ I
9. I-

-'B9. I (%J______________

*1~ - - - -

I ~
'-'a

'P :3 -~
I'

9.? s
9.

"'P

:3
H

-~ 0
o

(12
I.-'

I~.

z
II :3 H

+ LA

('"'a - -9

C-,

H
U" I - ~Z4

('"4 ___

:3

:3

1 I

:3

..- -. *

B. .1.?. I,

S.-

9.' 9."''



E- I

LIM

__ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ N



:33

4.0

CC-

BOR:

LnU



T* -.. 7.- -- I M - . -.

Crack. ti

FI(;.~~~~~~~. 5 EMTYFR.TIMNTO )

PROMDISTACEMNT O NOD



%:-. ~

pt

Cracked region

~Nodes on x axis ahead of crack
restrained in y direction

FIG.6(a) FINITE ELEMENT MESH FOR MRL COMPACT
SPECIM4EN 'A' WITH POINT LOADING

y

_ IR

Cracked region

Nodes on x axis ahead of crack
restrained in y direction

pIC,.(rih) FINITE ELEMENT MESH FOR MRT, COMPACT
SPECIMEN 'A' WITH DIs'RIUTEF WOADIN6



r'~s -2~' ~ ' ~ ~9~ ~T ~ .T~ 'WXM . 7. --

6~

t*4

Cracked region

Nes on x axis ahead of crack

restrained in y direction

FIG.7(a) FINITE ELEMENT MESH FOR MRL COMPACTI- SPEC I'.'EN 'B' WITH POINT LOADING

PI

restrained in ydirucLiuii

F 1(-,. 7 (b) FINITE EL.EMENT WES11 FDR MR1. COMPACT
SPC MN hWI T 1,11 E B T ADIN



DISTRIBUTION
AUSTRALIA

DEPARTMENT OF DEFENCE

Defence Central

Chief Defence Scientist )
Deputy Chief Defence Scientist
Superintendent, Science and Program Administration ) Icopy)
Controller, External Relations, Projects and)

Analytical Studies
Defence Science Adviser (UK) (Doc data Sheet only)
Counsellor, Defence Science (USA) (Doc Data sheet only)

Defence Central Library
Document Exchange Centre, DISB (18 copies) :.--.
Joint Intelligence Organisation
Librarian H Block, Victoria Barracks, Melbourne
Director General - Army Development (NSO) (4 copies)

Aeronautical Research Laboratories -.

Director -]"-

Library
Divisional File - Structures
P. Beaver
G. Clark -'
J. Finney
R. Jones
Authors: M. Heller

J. Paul

Materials Research Laboratories

Director/Li brary

Defence Research Centre

Library

RAN Research Laboratory

Library

NAVY Office

Navy Scientific Adviser

Army Office

Scientific Adviser - Army
Engineering Development Establishment, Library
Royal Military College Library



DISTRIBUTION (CONT.)

Air Force Office

Air Force Scientific Adviser
Aircraft Research and Development Unit, Library
Technical Division Library

Director General Aircraft Engineering - Air Force
HQ Support Command (SLENGO)
RAAF Academy, Point Cook

Government Aircraft Factories

Manager

Library

DEPARTMENT OF AVIATION

Library

STATUTORY AND STATE AUTHORITIES AND INDUSTRY

Australian Atomic Energy Commission, Director ..

CSIRO, Materials Science Division, Library
Trans-Australia Airlines, Library
Qantas Airways Limited
Gas and Fuel Corporation of Victoria, Manager Scientific

Services .- ,--,

SEC of Vic., Herman Research Laboratory, Library
Ansett Airlines of Australia, Library
BHP, Melbourne Research Laboratories
Commonwealth Aircraft Corporation, Library
Hawker de Havilland Aust. Pty. Ltd, Bankstown, Library
Rolls Royce of Australia Pty. Ltd, Mr C.G.A. Bailey

UNIVERSITIES AND COLLEGES

Adelaide Barr Smith Library

Professor of Mechanical Engineering

Flinders Library

La Trobe Library

Melbourne Engineering Library

Monash Hargrave Library
Professor I.J. Polmear, Materials Engineering

Newcastle Library

New England Library

Sydney Engineering Library

Head, School of Civil Engineering

• "-'o-.°



,-.".- '

DISTRIBUTION (CONT.J) ;.--.4 .

UNSW Physical Sciences Library
Professor R.A.A. Bryant, Mechanical Engineering

Queensland Li brary

Tasmania Engineering Library

Western Australia Library
Associate Professor J.A. Cole, Mechanical

Engineering

RMIT Library

SPARES (15 copies)

TOTAL (90 copies)

-. -

'---..

* A -&+

'.,",,

-. 4, ...-.

.....- . .:..:.:



Depatmiret of Doeufce

DOCUMENT CONTROL DATA hVH b

1a.ANo1. b. EstablshmevtlNo 2. Document Date 3. TuskNo

AR-004-052 ARL-STRUC-TM-421 NOVEMBER 1985 DST 82/00

NUMERICAL COMPLIANCE AND STRESS edocument 11o~oe
INTENSITY FACTOR CALIBRATIONS OF UNCLASSIFIED
MRL COMPACT SPECIMENS b. ttle C. abstract 7. No Rote

U U 7

9. Oovogradal Intrctions
M. Heller and J. Paul

10. Corporate Auhr edAddres 11. Authority v laplWP1)

Aeronautical Research Laboratories
P.O. Box 4J331,
Melbourne Vic 3001

12. becondav Distribition (of this docunjentj
Approved for Public Release.

Overses enquirers outside ytated limitations sh~ould be referred through ASDIS. Defence Information Services Branch.
Deartment of Defence. Campbell Park, CANBERRA ACT 2601:...-

13. a. This document may be ANOUNCED in cetalogues and awareness services available to

No Limitations.

13. b. Ciainfat other PjrPoa fie caituel ffis CS*1)nerflh) may be (sawnrl unteflt lad tot/ as for 13.
14. Dacrsors 16. COSATI Group

Stress analysis 20110
Fracture rn- chanics
Compact specimens
Stress intensity factors
Compliance (elasticity)

18. Abstract

At Materials Research Laboratories (MRL) Melbourne, a compact
specimen design has been developed Which is suitable for both
plane-strain fracture toughness and JI testing. Compliance and
stress intensity factor calibrations are given for the new design
of specimen using finite element analyses and the results are
compared with those for the ASTM compact specimen.

16

PF.6



-- -r
A.. A... - - - - tt

m
*

I

k ~

..t.

I

I

4'1 49

'VC-
U
~; %.I
Pr.



4D-A163 833 MUNU CAIL CQPPLIANE AN~S~lAT4~lATNLt

CA ~ TA A)ONQFR MA .. ULAH Al x~
UN.CLASSIFIED AIN -TPO-2 N/ (AU ML ELI I L



11111fl3Z 11220

11111*4 121 0

OVA..



SUPPLEMENTARY

/

INFORMATION

_J2UJ)J IN JN N I.J IAo'l IV (I IJI t 0lil.. I.



(Y~\ AR-004-052

DEPARTMENT OF OEFENCE
DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION

AERONAUTICAL RESEARCH LABORATORIES

Structures Technical Memorandum 421

NUMERICAL COMPLIANCE AND STRESS INTENSITY FACTOR

CALIBRATIONS OF MEL COMPACT SPECIMENS

by

M. HELLER and J. PAUL

ERR AT A

On page 3 the equation,

K KB/ (3)

is incorrect. it should be,

0.2258 K B -(3)
P(3
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